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Required for Otic Placode Induction
Bryan T. Phillips, Kevin Bolding, and Bruce B. Riley1
Biology Department, Texas A&M University, College Station, Texas 77843-3258
Members of the fibroblast growth factor (FGF) family of peptide ligands have been implicated in otic placode induction in
several vertebrate species. Here, we have functionally analyzed the roles of fgf3 and fgf8 in zebrafish otic development. The
ole of fgf8 was assessed by analyzing acerebellar (ace) mutants. fgf3 function was disrupted by injecting embryos with
ntisense morpholino oligomers (MO) specifically designed to block translation of fgf3 transcripts. Disruption of either fgf3
r fgf8 causes moderate reduction in the size of the otic vesicle. Injection of fgf3-MO into ace/ace mutants causes much
ore severe reduction or complete loss of otic tissue. Moreover, preplacode cells fail to express pax8 and pax2.1, indicating
isruption of early stages of otic induction in fgf3-depleted ace/ace mutants. Both fgf3 and fgf8 are normally expressed in
he germring by 50% epiboly and are induced in the primordium of rhombomere 4 by 80% epibloy. In addition, fgf3 is
xpressed during the latter half of gastrulation in the prechordal plate and paraxial cephalic mesendoderm, tissues that
ither pass beneath or persist near the prospective otic ectoderm. Conditions that alter the pattern of expression of fgf3
nd/or fgf8 cause corresponding changes in otic induction. Loss of maternal and zygotic one-eyed pinhead (oep) does not
lter expression of fgf3 or fgf8 in the hindbrain, but ablates mesendodermal sources of fgf signaling and delays otic induction
y several hours. Conversely, treatment of wild-type embryos with retinoic acid greatly expands the periotic domains of
xpression of fgf3, fgf8, and pax8 and leads to formation of supernumerary and ectopic otic vesicles. These data support the
ypothesis that fgf3 and fgf8 cooperate during the latter half of gastrulation to induce differentiation of otic
lacodes. © 2001 Academic PressINTRODUCTION
The vertebrate inner ear develops from a simple colum-
nar epithelial structure, the otic placode. The otic placode
differentiates gradually from naı¨ve ectoderm in response to
localized inductive signals (Yntema, 1933, 1950; Wadding-
ton, 1937; Jacobson, 1963; Gallagher et al., 1996; Groves
and Bronner-Fraser, 2000). Analysis of early markers of otic
differentiation indicates that induction of the otic placode
begins much earlier than previously thought, perhaps by
midgastrulation (Pfeffer et al., 1998; Heller and Brandli,
1999). A longstanding goal has been to identify the tissue
sources of otic-inducing signals. Transplantation studies
indicate that prospective hindbrain tissue is sufficient to
induce ectopic otic placodes (Stone, 1931; Harrison, 1935;
Waddington, 1937; Woo and Fraser, 1998). In addition,
mutations in several genes expressed in the developing
hindbrain lead indirectly to patterning defects in the inner
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All rights of reproduction in any form reserved.ear, presumably by disrupting hindbrain-derived signals
(Epstein et al., 1991; Lufkin et al., 1991; Chisaka et al.,
1992; Cordes and Barsh, 1994; Moens et al., 1998). Subja-
cent mesendodermal tissues also appear to play a role in
otic induction (Jacobson, 1963). Mutations in zebrafish that
disrupt formation of the prechordal plate and paraxial
cephalic mesendoderm significantly delay the onset of otic
induction (Mendonsa and Riley, 1999). In contrast, muta-
tions that ablate chordamesoderm cause no detectable
changes in the timing or patterning of inner ear develop-
ment. These findings suggest that the first mesodermal
cells to involute during gastrulation deliver inductive sig-
nals to the prospective otic tissue. However, it is not yet
clear whether this event precedes the onset of signaling
from the prospective hindbrain. In addition to the above
signaling sources, the lateral and ventral germring of the
zebrafish gastrula can induce ectopic otic vesicles when
transplanted to the prospective forebrain region (Woo and
Fraser, 1997). Although such grafts also induce ectopic
hindbrain tissue, which could emit its own otic-inducing
factors, direct transplantation of hindbrain tissue to the
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352 Phillips, Bolding, and Rileyforebrain region is not sufficient to induce ectopic otic
vesicles (Woo and Fraser, 1998). Thus, additional signals
from the germring appear to be necessary for otic induction
in this region.
A number of signaling molecules have been implicated in
otic placode induction, and members of the fibroblast
growth factor (FGF) family appear to play especially promi-
nent roles. In the chick, FGF19 is expressed in paraxial
cephalic mesoderm adjacent to the prospective otic placode
and is later expressed in the adjacent hindbrain (Ladher et
al., 2000). Transplants of FGF19-expressing mesoderm are
sufficient to induce expression of otic markers in anterior
ectoderm. FGF19 alone is not sufficient to induce otic
differentiation unless prospective neural tissue is also
present, in which case numerous otic markers are induced
in uncommitted ectoderm. This interaction led to the
discovery that FGF19 induces expression of Wnt-8c in
prospective neural tissue, and together these two signaling
molecules induce high level expression of a wide range of
FIG. 1. Formation of otic vesicles. (A–G) Lateral views of live emb
oderate necrosis, (C) fgf3-MO-injected wild-type embryo with litt
mutant with a minute otic vesicle (boxed region). (F) Enlargement
ace/ace mutant with no visible otic vesicle. (H and I) Immunolocal
(H) Nuclear pax2.1 (red) and ciliary acetylated tubulin (green) in a s
Nuclear pax2.1 in a specimen with no visible otic vesicles. Note la
of the hindbrain. Positions of rhombomeres 4, 5, and 6 (r4, r5, and
upward. Scale bar, 5 mm (F), 10 mm (H), 15 mm (I), and 55 mm (A–Eotic markers.
Copyright © 2001 by Academic Press. All rightAnother strong candidate for an otic-inducing factor is
FGF3. In the chick, the pattern of FGF3 expression is
strikingly similar to that of FGF19 (Mahmood et al., 1995).
In addition to being expressed in paraxial mesoderm and
hindbrain tissue adjacent to the otic anlagen, FGF3 is
expressed later in the developing otic placode and vesicle.
Importantly, misexpression of FGF3 leads to formation of
ectopic otic vesicles (Vendrell et al., 2000). Depletion of
FGF3 in explants of presumptive otic tissue prevents for-
mation of otic vesicles (Represa et al., 1991). In contrast,
targeted disruption of FGF3 in the mouse does not prevent
placode induction, although otic vesicles produced in FGF3
mutants are small and malformed. While this apparent
contradiction could reflect species differences in the re-
quirement for FGF3, it is more likely that the different
methodologies used can explain the different results. For
example, the effects of disrupting FGF3 in the mouse could
be ameliorated by the presence of redundant functions,
possibly including FGF19 and Wnt-8. Differentiation of
at 32 h. (A) Wild-type, (B) fgf3-MO-injected wild-type embryo with
no necrosis, and (D) ace/ace mutant. (E) fgf3-MO injected ace/ace
inute otic vesicle of specimen shown in (E). (G) fgf3-MO-injected
n of hair cell markers in fgf3-MO injected ace/ace mutant at 32 h.
en with a minute otic vesicle containing a single hair cell (hc). (I)
pax2.1 in the otic region (or), while staining is retained in neurons
re indicated. In all specimens, anterior is to the left and dorsal isryos
le or
of m
izatio
pecim
ck of
r6) achick explants may be more dependent on endogenous
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353Redundant Roles for fgf3 and fgf8 in Otic InductionFGF3 function since the explanted tissue is separated from
other potential sources of inducing factors. Together, these
data suggest that FGF3 plays an important role in otic
induction, but that redundant functions can partially com-
pensate for its loss.
Mutational studies in zebrafish have identified yet an-
other FGF homolog required for early otic development. A
null mutation in the zebrafish fgf8 gene, termed acerebellar
(ace), causes embryos to produce small malformed otic
vesicles (Whitfield et al., 1996; Reifers et al., 1998). Al-
hough placode induction has not been previously exam-
ned in ace mutants, fgf8 is expressed in the hindbrain
FIG. 2. Induction of pax8 expression in the pre-placode. Expressio
ax8 expression at tailbud stage in (C) ace/ace mutant, (D) fgf3-MO
nlarged view of placodal pax8 expression at 3-somite stage in (F) wi
mbryos. pax8 expression at 6-somite stage in (I) wild-type embry
gf3-MO-injected ace/ace mutant. Note the lack of otic expression i
nd anterior upward. (I–L) Dorsal views with anterior upward. Scaanlagen during gastrulation, suggesting that it could play an p
Copyright © 2001 by Academic Press. All rightarly role in otic induction. If so, the ability to produce
mall otic vesicles in ace mutants could reflect functional
edundancy in the induction pathway.
Here, we have tested whether fgf3 and fgf8 cooperate to
nduce otic placodes in the zebrafish. Mutant loci of fgf3 are
ot yet available in zebrafish, but we injected anti-sense
morpholino” oligomers (Nasevicius and Ekker, 2000) into
- to 2-celled embryos to specifically knockdown fgf3
unction. Knockdown of fgf3 in wild-type embryos results
n the formation of small otic vesicles, whereas knockdown
f fgf3 in ace/ace mutant embryos results in complete loss
f otic tissue. Both fgf3 and fgf8 are expressed in close
ax8 in wild-type embryos at (A) 90% epiboly and (B) tailbud stage.
ected wild-type embryo, and (E) fgf3-MO-injected ace/ace mutant.
pe embryo, (G) ace/ace mutant, and (H) fgf3-MO-injected wild-type
) ace/ace mutant, (K) fgf3-MO-injected wild-type embryo, and (L)
ected ace/ace mutants. (A–H) Lateral views with dorsal to the right
r, 60 mm (F–H), 125 mm (B–E, I–L), and 150 mm (A).n of p
-inj
ld-ty
o, (J
n injroximity to prospective otic tissues through much of
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354 Phillips, Bolding, and Rileygastrulation. The first inductive signals appear to emanate
from subjacent mesendoderm, followed closely by signaling
from the hindbrain. Ablation of mesendoderm by disrupting
one-eyed pinhead (oep) specifically delays otic differentia-
tion by several hours, despite normal expression of fgf3 and
fgf8 in adjacent hindbrain primordium. In contrast, treat-
ment of wild-type embryos with retinoic acid (RA) expands
the domains of fgf3 and fgf8 expression in the hindbrain and
eads to a dramatic increase in the amount of otic tissue
nduced. These data indicate that fgf3 and fgf8 provide
edundant functions required for otic induction, and that
he cumulative effects of signaling from a variety of sources
ver a prolonged period of development are required for
ormal otic induction.
MATERIALS AND METHODS
Strains and Developmental Conditions
The wild-type strain was derived from the AB line (Eugene, OR).
The functionally null aceti282a mutation was induced with ENU in
the Tu wild-type strain (Brand et al., 1996). Embryos were devel-
oped in an incubator at 28.5°C in water containing 0.008% Instant
Ocean salts.
In Situ Hybridization
Embryos were fixed in MEMFA (0.1 M Mops at pH 7.4, 2 mM
EGTA, 1 mM MgSO4, 3.7% formaldehyde). In situ hybridizations
Stachel et al., 1993) were performed at 67°C by using probes for
ax2.1 (Krauss et al., 1991), fgf8 (Reifers et al., 1998), fgf3 (Kiefer et
al., 1996), and pax8 transcripts (Pfeffer et al., 1998). Two-color in
situ hybridization was performed essentially as described by Jowett
(1996), with several modifications. RNase inhibitor (Promega, 100
units/ml) was added to the solution during antibody incubation
steps to help stabilize mRNA. NBT-BCIP (Gibco-BRL) was used in
the first alkaline phosphatase reaction to give a blue color. After-
ward, alkaline phosphatase from the first color reaction was
inactivated by refixing embryos in MEMFA for 2 h at room
temperature. Fast Red (Sigma) was used for the second alkaline
phosphatase reaction to give red color and fluorescence. For sec-
tioning, embryos were embedded in Immunobed resin (Poly-
sciences No. 17324) and cut into 4-mm sections.
Immunofluorescence
Antibody staining was performed essentially as described by
Riley et al. (1999). Embryos were incubated with the polyclonal
primary antibody directed against mouse Pax2 (Berkeley Antibody
Company, diluted 1:100) or the monoclonal primary antibody
directed against acetylated tubulin (Sigma T-6793, diluted 1:100).
Embryos were then washed and incubated with one of the follow-
ing secondary antibodies: Alexa 546 goat anti-rabbit IgG (Molecular
Probes A-11010, diluted 1:50) or Alexa 488 goat anti-mouse IgG
(Molecular Probes A-11001, diluted 1:50).
Morpholino Oligomer Injections
Morpholino oligomers obtained from Gene Tools Inc. were
diluted in Danieaux solution [58 mM NaCl, 0.7 mM KCl, 0.4 mM b
Copyright © 2001 by Academic Press. All rightMgSO4, 0.6 mM Ca(NO3)2, 5.0 mM N-[2-hydroxyethyl]piperazine-
9-[2-ethanesulfonic acid] (Hepes) pH 7.6] to a concentration of 5
mg/ml. Filtered green food coloring was added to a concentration of
3% to visualize fluid during injections. Approximately 1 nl (5 ng
MO) was injected into the yolk of 1- to 2-cell-stage embryos.
Embryos were injected and allowed to briefly recover in Holt-
freter’s solution (60 mM NaCl, 0.6 mM KCl, 0.9 mM CaCl2, 5 mM
epes, pH 7.4) with 50 units/ml penicillin and 50 mg/ml strepto-
mycin. Morpholino sequences were as follows: fgf3-MO: 59-CAT
TGTGGCATGGCGGGATGTCGGC-39; oep-MO: 59-GCCAATA-
AACTCCAAAACAACTCGA-39.
Retinoic Acid Treatment
At the shield stage (6 h), embryos were incubated for 1 h at
28.5°C in a solution of 1026 M retinoic acid in 0.5% DMSO,
produced by diluting a stock solution of 1023 M RA in DMSO.
Chorions were perforated by using a glass needle to facilitate
retinoic acid exposure. Control embryos were incubated for 1 h in
0.5% DMSO. After incubation, embryos were rinsed and raised
under standard conditions.
RESULTS
fgf3 and fgf8 Are Required for Formation
of Otic Vesicles
It has been previously noted that disruption of fgf8
erturbs otic development (Whitfield et al., 1996; Reifers et
l., 1998). Otic vesicles in ace/ace mutant embryos are
maller than normal and frequently contain only a single
ensory patch and otolith (Fig. 1D). Timing of otic vesicle
ormation is normal in ace/ace embryos (data not shown),
uggesting that the reduced size is caused by deficient
nduction or growth of otic placodes. If so, then there must
e an additional factor(s) able to induce otic tissue in the
bsence of fgf8 to account for the ability of ace/ace embryos
o produce any otic tissue.
Studies in other vertebrate species support a role for FGF3 in
tic induction (Represa et al., 1991; Mansour et al., 1993;
endrell et al., 2000). Although zebrafish fgf3 has been par-
ially analyzed (Kiefer et al., 1996, 1997), no mutant alleles
ave yet been identified. To test the consequences of fgf3
ysfunction, we effected an fgf3 knockdown by injecting
ntisense “morpholino” oligomers into wild-type blastulae.
orpholino oligomers are nonhydrolyzable polynucleotides
hat can form stable duplexes with complementary regions of
ndogenous mRNA molecules. Upon hybridizing to 59 se-
uences near the translation initiation codon, morpholinos
pecifically inhibit translation of target transcripts by up to
9%. In zebrafish, morpholino-mediated knockdowns of sev-
ral embryonic genes have been shown to cause developmen-
al defects that closely mimic phenotypes caused by null
utations in the same genes (Nasivecius and Ekker, 2000).
Injection of fgf3-MO into wild-type embryos results in a
ange of developmental defects, including moderate pertur-
ation of otic development. Otic vesicles are significantly
maller than normal in 80–90% (195/237) of injected em-
ryos (Figs. 1B and 1C). Two sensory patches and associated
s of reproduction in any form reserved.
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355Redundant Roles for fgf3 and fgf8 in Otic Inductionotoliths are present in each vesicle. Moderate necrosis is
observed in the brain and spinal cord in most (166/237)
injected embryos (Fig. 1B), but even embryos with no
discernable necrosis often have reduced otic vesicles (in one
experiment, of 67 embryos with small ears, 18 had little or
no necrosis; Fig. 1C).
Much more severe disruption of otic development is
observed when fgf3-MO is injected into intercross progeny
of ace/1 adults. About 85% (34/40) of the injected ace/ace
homozygotes form either extremely small otic vesicles or
none at all (Figs. 1E–1G). In specimens with minute otic
vesicles, no otoliths are produced (Fig. 1F). To determine
whether these embryos produce any differentiated hair
cells, they were stained with an antibody generated against
mouse Pax2. This antibody strongly cross-reacts with ze-
brafish pax2.1. Although pax2.1 is initially expressed
throughout the otic placode, it later becomes restricted to
sensory hair cells (Riley et al., 1999). In fgf3-depleted
ace/ace embryos, often only one or two hair cells are
evident, with scarcely enough room within the lumen to
accommodate their ciliary bundles (Fig. 1H). In specimens
with no visible otic vesicles, no anti-pax2 staining is
detected in the otic region (Fig. 1I). The ability of MO
injection to disrupt otic development in ace/ace embryos is
specific to fgf3-MO, as injection of control MO, or MO
directed against other gene products (including pax2.2,
msxB, and lef-1), has no effect on otic development (data
not shown). Thus, loss of both fgf3 and fgf8 causes a
synergistic loss of otic tissue, indicating that these genes
encode redundant functions required for induction or
completion of otic development.
Induction of Otic Placodes
We sought to determine the effects of disrupting fgf3 and
fgf8 on otic induction. The earliest known marker of otic
lacode induction is pax8 (Pfeffer et al., 1998; Heller and
Brandli, 1999). Because early expression of pax8 has not
been described in detail, expression was examined in wild-
type embryos at multiple stages during gastrulation and
early segmentation. Weak expression is detected in the
shield at 60% epiboly (data not shown). By 75% epiboly (8
h), staining is induced along the ventral and lateral margin
in cells that eventually gives rise to the pronephros. Expres-
sion in the otic anlagen first appears at 85–90% epiboly (9 h)
as longitudinal stripes extending from the margin along the
lateral edges of the neural plate (Fig. 2A). Between 95%
epiboly and the tailbud stage (10 h), the preotic domain
moves away from the margin to form isolated patches in
which pax8 expression is strongly upregulated (Fig. 2B).
High level expression is still evident at 6–7 somites (Fig. 2I).
Expression in this domain subsequently declines until
formation of the otic vesicles at the 18-somite stage, after
which expression is lost (Pfeffer et al., 1998). Another
preotic marker, pax2.1, is induced in the otic anlagen by the
3-somite stage (11 h) and is strongly upregulated as the
Copyright © 2001 by Academic Press. All rightplacode develops (Ekker et al., 1992; Mendonsa and Riley,
1999; Fig. 3A).
Expression of pax8 in presumptive ace/ace embryos
shows normal timing, but the size of the otic anlagen is
significantly reduced at the tailbud stage (Fig. 2C) and at the
3-somite stage (compare Figs. 2F and 2G). Although the otic
anlagen expands dramatically by 6–7 somites, the number
of pax8-expressing cells remains lower than in the wild type
(Fig. 2J). Similarly, pax2.1 is initially expressed in only a
small fraction of the normal number of cells at 3 somites
(not shown). The number of otic cells expressing pax2.1
increases by 10 somites but remains lower than in the wild
type (Fig. 3B). Thus, otic induction begins at approximately
the normal time in ace/ace embryos, but the number of
preotic and otic cells expands slowly and remains lower
than normal throughout otic development.
We next examined the effects of fgf3 knockdown on otic
induction. Injection of fgf3-MO into wild-type embryos
reduces the number of pax8-expressing cells in the otic
anlagen to an extent similar to that seen in ace/ace embryos
(Figs. 2D, 2H, and 2K). Expression of pax2.1 in preotic cells
is strongly reduced at 3 somites (not shown), but only
moderately reduced by 10 somites (Fig. 3C). fgf3-MO caused
more variability than did the ace mutation, possibly reflect-
ing residual fgf3 activity in morpholino-injected embryos.
Nonetheless, these data suggest that fgf3 and fgf8 play
similar roles in regulating early otic development.
Injection of fgf3-MO into intercross progeny of ace/1
arents gave quite different results. Approximately one-
uarter (13/50) of these embryos show no pax8 staining in
the otic region at the tailbud stage (Fig. 2E). We infer that
loss of preotic staining occurs only in ace/ace homozygotes
since this phenotype is never observed in wild-type em-
bryos injected with fgf3-MO. ace/ace homozygotes can be
identified at the 6- to 7-somite stage by virtue of their low
level of pax8 expression in the midbrain–hindbrain border.
At this time, about two-thirds (15/23) of fgf3-depleted
ace/ace embryos show little or no pax8 expression in the
otic region (Fig. 2L). Similarly, expression of pax2.1 is
greatly reduced or absent in most (11/13) fgf3-depleted
ace/ace embryos (Fig. 3D). These data support the hypoth-
esis that fgf3 and fgf8 are both required for normal otic
induction.
Expression Patterns of fgf3 and fgf8
To localize potential signaling interactions required for
otic induction, expression patterns of fgf3 and fgf8 were
visualized in wild-type embryos at various stages of gastru-
lation and early segmentation. At 50% epiboly, fgf8 is
expressed throughout the margin, with maximal expression
in the shield (Fu¨rthauer et al., 1997; and Fig. 4A). fgf8
expression is not maintained in hypoblast cells after they
migrate away from the margin. Between 75 and 80%
epiboly, fgf8 is expressed in bilateral transverse stripes in
the epiblast, a domain corresponding to the anlagen of
rhombomere 4 (r4) in the hindbrain (Fig. 4B). Expression
s of reproduction in any form reserved.
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356 Phillips, Bolding, and RileyFIG. 3. Expression of pax2.1 in the otic placode. Dorsal views of embryos at the 10-somite stage showing expression of pax2.1 in (A)
wild-type, (B) ace/ace, (C) wild-type injected with fgf3-MO, and (D) ace/ace embryo injected with fgf3-MO. Arrows indicate placodes. Note
he lack of otic expression in injected mutant. Scale bar, 25 mm.
IG. 4. Expression of fgf8. Expression of fgf8 in wild-type embryos at (A) shield stage (arrow indicates shield), (B) 75% epiboly, (C) 90%
epiboly, (D) tailbud stage, and (E) 6-somite stage. (F) Expression of fgf8 at 90% epiboly in a fgf3-MO-injected wild-type embryo.
Abbreviations: r4, rhombomere 4; mhb, midbrain–hindbrain border; p, prechordal plate. (A) An animal pole view with dorsal to the right.
(B–F) Dorsal views with anterior upwards. Scale bar, 125 mm (E), 150 mm (B–D, F), 215 mm (A).
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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357Redundant Roles for fgf3 and fgf8 in Otic Inductionwithin this domain is initially weak and variable but
upregulates rapidly such that, by 90% epiboly, all embryos
FIG. 5. Relationship between expression of pax8 and fgf8 or fgf3. (A
showing fgf8 (blue) and pax8 expression (red). (A) Fluorescence imag
C) Enlargement of the left otic region viewed under fluorescence (B
hybridization of wild-type embryos showing fgf3 (blue) and pax8 (r
fluorescence. Scale bar, 50 mm (B, C), 100 mm (A, D, E).
IG. 6. Expression of fgf3. Expression of fgf3 in wild-type embry
piboly, (D) tailbud stage, and (E) 6-somite stage. (F) Expression of f
ole view with dorsal to the right. (B–F) Dorsal views with anterio
order; p, prechordal plate; cm, cephalic mesendoderm. Scale bar,show strong uniform expression (Fig. 4C). The lateral edges t
Copyright © 2001 by Academic Press. All rightf the r4 stripe appose the medial edges of the otic anlage.
y the tailbud stage, expression in the r4 domain meets at
Two-color in situ hybridization of tailbud stage wild-type embryos
wing fgf8 in the hindbrain and pax8 in the preotic placodes. (B and
ransmitted light plus fluorescence (C). (D and E) Two-color in situ
xpression viewed under fluorescence (D) or transmitted light plus
(A) shield stage (arrow indicates shield), (B) 75% epiboly, (C) 90%
t 90% epiboly in a fgf3-MO-injected wild-type embryo. (A) Animal
ard. Abbreviations: r4, rhombomere 4; mhb, midbrain–hindbrain
m (E), 150 mm (B–D, F), 215 mm (A).–C)
e sho
) or t
ed) e
os at
gf3 ahe midline to form a single chevron-shaped stripe (Fig. 4D).
s of reproduction in any form reserved.
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358 Phillips, Bolding, and RileyIn addition, expression near the lateral edges of the chevron
begins to spread posteriorly along the medial edges of the
otic anlage. Two-color in situ hybridization reveals that the
omains of fgf8 and pax8 in and around the otic anlagen are
complementary, with little or no overlap in expression
(Figs. 5A–5C). This periotic domain of fgf8 persists in
earless mutants (ace/ace mutants injected with fgf3-MO;
data not shown), suggesting that it marks the lateral edges
of the hindbrain. Between 3 and 10 somites, expression of
fgf8 is maintained in r4 and several additional domains,
corresponding to the anterior hindbrain, the midbrain–
hindbrain border, and the prechordal plate, become evident
(Reifers et al., 1998; and Fig. 4E).
fgf3 is expressed in a dorsal–ventral gradient along the
margin at 50% epiboly, with maximal expression in dorsal
cells (Fig. 6A). As gastrulation proceeds, fgf3 strongly up-
regulates in the shield and is maintained at high levels in
the prechordal hypoblast as it migrates away from the
margin. The prechordal domain passes between the otic
anlage by 75% epiboly (Fig. 6B). At this time, weak diffuse
staining is also observed in anterior cells surrounding the
lateral and posterior edges of the prechordal domain. Be-
tween 80 and 90% epiboly, fgf3 is expressed in bilateral
ransverse stripes corresponding to the r4 anlagen (Fig. 6C).
rechordal staining has progressed to a region anterior to r4,
ut a broad arc of diffuse staining curves around the anterior
dge of the prechordal domain back to the lateral edges of
he r4 stripes. Expression in the r4 domain intensifies by
5% epiboly and forms a single chevron by the tailbud stage
Fig. 6D). Expression in r4 is maintained at high levels
hrough the 6-somite stage (Fig. 6E), and well past the
0-somite stage when the otic placodes become morpho-
ogically visible (data not shown). In contrast to fgf8, the r4
domain of fgf3 expression does not directly abut the pax8-
xpressing cells in the otic anlagen (Figs. 5D and 5E).
The complexity of fgf3 expression led us to section
tained specimens to establish which germ layers express
he gene. As expected, staining within the r4 domain is
estricted to the epiblast (Fig. 7D). Expression in the pre-
hordal domain is more complex. Most cells in the pre-
hordal hypoblast express moderate levels of fgf3. However,
aximal expression in the prechordal domain occurs in
ells at the interface between hypoblast and epiblast and
ncludes some cells in the epiblast (Fig. 7B). Analysis of
arasagittal sections shows that the broad arcs of staining
weeping from the prechordal plate to the lateral r4 region
re primarily localized to the hypoblast (Fig. 7C).
In summary, fgf3 and fgf8 are expressed in close proxim-
ity to the future otic placode throughout the latter half of
gastrulation. Notably, all domains of expression are tissues
previously implicated in otic induction, including the germ-
ring, nascent prechordal plate and paraxial cephalic mesen-
doderm, and r4 in the hindbrain. Thus, fgf3 and fgf8 could
cooperate to induce and maintain otic placode differentia-
tion over a prolonged period of development. Expression
patterns of both genes are normal in all ace/1 intercross
progeny, as well as in fgf3-depleted embryos (Figs. 4F and
Copyright © 2001 by Academic Press. All rightF, and data not shown). This confirms that, when one gene
unction is lost, the other continues to be expressed nor-
ally, consistent with the notion that the two genes play
edundant roles in otic induction.
Delayed Otic Induction in the Absence
of Mesendoderm
We previously examined the effects of mesendoderm
ablation on otic induction by analyzing one-eyed pinhead
(oep) mutants (Mendonsa and Riley, 1999). The oep gene
ncodes a EGF-CFC protein that serves as a cofactor re-
uired for nodal signaling (Gritsman et al., 1999). Mutant
mbryos lacking zygotic oep function fail to form pre-
chordal mesendoderm and show a 30- to 60-min delay in
otic placode induction, as judged by delayed expression of
dlx3 and pax2.1. Simultaneous loss of zygotic oep and
no-tail (ntl) causes a more extensive depletion of mesend-
oderm (Schier et al., 1997) and leads to a 2- to 3-h delay in
otic development. Although oep-ntl double mutants also
lack chordamesoderm, analysis of other compound mutants
shows that loss of chordamesoderm does not contribute to
the delay in otic differentiation. Importantly, a number of
hindbrain markers (eng-3, krox20, msxB, and pax2.1) are
induced normally in oep–ntl double mutants, indicating
that the developmental delay is specific for otic tissue. This
delay does not reflect a general deficit in establishing
dorsolateral fates near the neural/nonneural border since
expression of msxB and dlx3 along the lateral edges of the
neural plate (excluding the otic domain) occurs normally in
such mutants (Mendonsa and Riley, 1999). These data
support the hypothesis that it is the loss of mesendoderm
that causes the delay in otic induction.
Here, we have used a more efficient technique to ablate
mesendoderm to examine how early inductive signaling is
altered. It was recently shown that disruption of both
maternal and zygotic oep function ablates nearly all mes-
endoderm, with only a few somites forming in the tail
(Zhang et al., 1998). This phenotype is effectively pheno-
copied by injecting oep-MO into wild-type blastulae (Nas-
evicius and Ekker, 2000). Though the efficiency of oep-MO
in knocking down oep function varies between strains, it is
highly efficient in our wild-type background. Injection of
oep-MO produces varying degrees of the oep mutant phe-
notype in 80–90% (129/147) of injected embryos, and about
one-third (53/147) resemble severely affected mutants lack-
ing both maternal and zygotic oep function. Severely af-
fected embryos show reduced expression of fgf3 and fgf8 in
the germring (not shown), and expression is totally ablated
in the shield (Figs. 8E and 8F). About 75% (59/79) of
oep-MO injected embryos fail to show high level fgf3
expression in the prechordal domain, although weak diffuse
expression persists in the anterior neural plate (Fig. 8E). In
contrast to the above changes, fgf3 and fgf8 are expressed on
time in the r4 domain in all embryos (Fig. 8E, n 5 79; Fig.
F, n 5 85). Nevertheless, early expression of pax8 isstrongly inhibited. At the tailbud stage, about one-third
s of reproduction in any form reserved.
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359Redundant Roles for fgf3 and fgf8 in Otic Induction(12/32) of oep-depleted embryos show little or no pax8
expression in either the pronephric or otic primordia (Fig.
8B). Expression in the otic domain is first detected at the
6-somite stage, although the size of the domain and the level
of expression are significantly reduced in about half (17/37) of
oep-depleted embryos (Fig. 8D). Later in development, se-
verely affected embryos produce otic vesicles that are signifi-
cantly smaller than normal (Fig. 8H). Thus, otic induction is
delayed by several hours in oep-depleted embryos, even
though fgf3 and fgf8 are expressed on time in the r4 domain.
This indicates that, in the absence of mesendodermal signals,
normal expression of hindbrain signals is not sufficient to
induce otic differentiation on time.
Expanded Otic Induction Following Retinoic
Acid Treatment
Treatment of vertebrate embryos with retinoic acid (RA)
posteriorizes the neural plate such that forebrain and mid-
brain structures are reduced or lost and the hindbrain is
expanded (Papalopulu et al., 1991; Marshall et al., 1993;
imeone et al., 1995; Alexandre et al., 1996). Accordingly,
hen zebrafish embryos are treated briefly with RA at the
hield stage, the r4 domain of fgf3 expression is greatly
xpanded along the anterior–posterior axis (Fig. 9D). Con-
omitant loss of midbrain and hindbrain tissue brings the r4
nd prechordal domains into close proximity, thereby form-
ng a nearly contiguous domain that covers much of the
ead region. The domain of fgf8 expression is similarly
xpanded (Fig. 9E). The size and position of the otic anlage
re altered accordingly. By the 3-somite stage, the anterior
imit of the placode domain of pax8 expression extends
orward to completely encircle the head (Fig. 9F). Later in
evelopment, most RA-treated embryos produce enlarged
r supernumerary otic vesicles (Fig. 9J). In addition, 20–
0% (33/129) of these embryos produce ectopic otic vesicles
t the anterior limit of the head (Fig. 9K).
To determine whether the RA-induced expansion of otic
ifferentiation requires fgf3 and fgf8, the effects of RA
reatment were examined in embryos deficient in either or
oth of these gene functions. The domain of pax8 expres-
ion was notably reduced in about one-fourth (9/32) of
A-treated progeny of ace/1 parents. Both the size of the
ax8 domain and the level of expression were greatly
educed in over one-half (25/41) of wild-type embryos that
ere injected with fgf3-MO and then RA-treated. When
rogeny of ace/1 parents were injected with fgf3-MO and
hen RA-treated, nearly one-fifth (8/45) show almost no
etectable pax8 expression. Similarly, depletion of fgf3 in
ild-type embryos is sufficient to block the RA-induced
ormation of ectopic and supernumerary otic vesicles in
irtually all cases (59/59, data not shown). Moreover, most
44/59) of these embryos failed to form any otic vesicles at
ll (Fig. 9L). When the progeny of ace/1 parents were
A-treated, 19/100 failed to form otic vesicles. Thus, the
timulatory effect of RA treatment on otic induction re-
uires fgf3 and fgf8 function. These data support the hy- w
Copyright © 2001 by Academic Press. All rightothesis that expansion of the domains of fgf3 and fgf8 leads
o an expanded domain of otic induction.
DISCUSSION
The Role of FGF Signaling
FGF3 has been implicated in otic induction in mouse and
chick (Repressa et al., 1991; Mansour et al., 1993; Vendrell
t al., 2000), and here we provide evidence that fgf3 plays a
similar role in zebrafish. Moreover, the data presented here
extend previous studies by elucidating key aspects of the
timing and nature of inductive interactions. First, fgf3 is
expressed in several tissues that have the potential to
interact with prospective otic ectoderm throughout the
latter half of gastrulation (Fig. 10). Second, removal of
mesendodermal sources of fgf3 (Fig. 8) or expansion of the
domain of fgf3 expression (Fig. 9) correlates with inhibition
or enhancement of otic induction, respectively. Third, fgf8
is expressed in an overlapping domain with fgf3 (Fig. 10) and
plays a redundant role in otic induction. Specifically, loss of
both fgf3 and fgf8 completely blocks otic induction. It is not
yet known whether FGF8 plays a similar role in other
vertebrates. Targeted knockouts of FGF8 in the mouse
disrupt development during early gastrulation, thereby pre-
venting assessment of its role in otic induction (Sun et al.,
1999). However, since targeted disruption of FGF3 does not
prevent otic induction, FGF8 or some other FGF family
ember could provide a redundant function. Analysis of
issue-specific alleles of FGF8 generated in the mouse could
ddress this possibility (Meyers et al., 1998).
Another candidate for a redundant function is FGF19,
hich was recently shown to play a role in otic induction in
he chick (Ladher et al., 2000). In chick embryos, FGF3 and
GF19 are coexpressed in paraxial cephalic mesoderm
round the time of otic induction. Thus, these two ligands
ould cooperate as otic inducers, either additively by stimu-
ating the same receptors or synergistically by activating
istinct receptor isoforms (see below). In this context, it is
nteresting that, in zebrafish, loss of mesendoderm caused
y oep dysfunction leads to a significant delay in otic
nduction, whereas depletion of fgf3 does not. This suggests
hat mesendoderm expresses other otic-inducing factors in
ddition to fgf3, possibly including fgf19. Neither zebrafish
or mouse homologs of FGF19 have yet been identified, but
n important future goal will be to analyze the effects of
isrupting FGF19 in these species, particularly in embryos
lso lacking FGF3 function.
Compared to the effects of fgf3-depletion in zebrafish, the
ce mutant phenotype is generally more severe and usually
esults in total ablation of the posterior (saccular) sensory
pithelium. In contrast, even the most severely affected
gf3-depleted embryos form both anterior and posterior
ensory epithelia. A possible explanation for this difference
s that, while the ace mutation is a null allele (Reifers et al.,
998), residual fgf3 function persists in embryos injected
ith fgf3-MO (Nasevicius and Ekker, 2000). It is also
s of reproduction in any form reserved.
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360 Phillips, Bolding, and RileyFIG. 7. Sections of fgf3 whole-mount in situs. (A) Wild-type embryo stained for fgf3 expression at 95% epiboly showing sectioning planes
or B–D. (B–D) Sections of wild-type embryos stained for fgf3 expression at 95% epiboly. (B) Midsagittal section through the prechordal
omain. (C) Parasagittal section through cephalic mesendoderm domain. (D) Parasagittal section through r4 domain. (A) Dorsal view with
nterior upward. (B–D) Dorsal is to the right and anterior is upward. Scale bar, 40 mm (C, D), 55 mm (B), 150 mm (A).
IG. 8. Effects of oep knockdown. (A, B) pax8 expression at tailbud stage in (A) wild-type embryo and (B) wild-type embryo injected with
oep-MO. (C, D) pax8 expression at 6-somite stage in (C) wild-type embryo and (D) wild-type embryo injected with oep-MO. (E) fgf3 and (F)
fgf8 expression at 90% epiboly in wild-type embryos injected with oep-MO. (G, H) Lateral views of otic vesicles at 32 h in (G) wild-type
and (H) oep-MO-injected wild-type embryos. Abbreviations: r4, rhombomere 4; gr, germ ring. (A and B) Lateral views with dorsal to the right
and anterior upward. (C–F) Dorsal views with anterior upward. (G and H) Lateral views with anterior to the left and dorsal upward. Scale
bar, 55 mm (G, H), 150 mm (A–F).
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
1361Redundant Roles for fgf3 and fgf8 in Otic InductionFIG. 9. Retinoic acid treatment. Embryos were incubated for 1 h, beginning at the shield stage, in 1026 M RA and 0.5% DMSO. Control
embryos were incubated in 0.5% DMSO alone. Control embryos stained for (A) fgf3, (B) fgf8, and (C) pax8 expression at the 3-somite stage.
RA-treated embryos stained for (D) fgf3, (E) fgf8, and (F) pax8 expression at the 3-somite stage. Pax8 expression at 3 somites in RA-treated
(G) presumptive ace/ace mutant, (H) fgf3-MO-injected wild-type embryo, and (I) fgf3-MO-injected presumptive ace/ace mutant. (J–L) Live
RA-treated embryos at 32 h. (J) Lateral view of a specimen showing a cluster of three otic vesicles (arrows). (K) An anterio-lateral view of
a specimen with ectopic otic vesicles at the anterior limit of the head (arrows), which formed in addition to enlarged bilateral otic
vesicles further caudally (not shown). (L) Lateral view of an embryo injected with fgf3-MO prior to RA treatment. No otic vesicles are
discernable. (A–I) Dorsal views with anterior upward. (J–L) Anterior is to the left and dorsal is upward. Scale bar, 70 mm (J, K); 125 mm (A–I);
40 mm (L).
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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362 Phillips, Bolding, and Rileypossible that the greater severity of the ace phenotype
reflects the more intimate contact between the lateral
hindbrain domain of fgf8 expression and the otic anlagen
Fig. 5). Such proximity suggests that the periotic concen-
ration of fgf8 could be greater than that of fgf3. Thus, loss
f fgf8 could cause a greater deficit in signal transduction.
Although the functions of fgf3 and fgf8 are at least
artially redundant (i.e., affect a common developmental
athway), it is likely that they also have distinct effects on
ignal transduction in responding cells. For example, fgf3
nd fgf8 vary in their affinities for different receptors
Ornitz et al., 1996), and activation of different receptor
soforms can modify the nature of the signaling response
Prudovsky et al., 1996). Specifically, various receptor–
igand interactions can differentially affect cell division vs
ytodifferentiation. In addition, interactions with heparan
ulfate proteoglycans with different glycosylation patterns
an strongly modulate the specificity of ligand–receptor
inding (Mathieu et al., 1995; Kan et al., 1999), as well as
the level of signaling and the nature of the response (Amal-
ric et al., 1994; Guimond and Turnbull, 1999; Chang et al.,
2000). Currently, little is known about which receptors
mediate otic induction, or how distinct FGF signaling
events are integrated. However, otic induction does appear
to show some ligand specificity. In contrast to the otic-
inducing activity of FGF3, FGF2 alone is not sufficient to
induce ectopic otic placodes in chick or zebrafish (Woo and
Fraser, 1997; Vendrell et al., 2000). Exogenous FGF2 was
shown in one study (Lombardo and Slack, 1998) to induce
ectopic otic vesicles in Xenopus, but, in this case, the ligand
was applied with FGF2-soaked heparin beads. Because the
heparin could have potentiated or modified the response to
the FGF2, it is possible that this treatment mimicked the
activity of FGF3.
In addition to their roles in otic induction, FGF3, FGF8,
and other FGF homologs cooperate to regulate later stages
of otic development. FGF8 is expressed in a region of the
otic vesicle that gives rise to the vestibulo-acoustic gan-
glion (Hidalgo-Sanchez et al., 2000). In zebrafish ace mu-
tants, the vestibulo-acoustic ganglion fails to express a
regional marker, Nkx5-1 (Adamska et al., 2000), indicating
that differentiation is aberrant. FGF3 is expressed by hair
cells and support cells within the sensory patches in the
otic vesicle (Wilkinson et al., 1989). Targeted disruption of
FGF3 does not prevent formation of the sensory patches
(Mansour et al., 1993), possibly because FGF10 is coex-
pressed in this region and might provide a redundant
function there (Pirvola et al., 2000). Alternatively, expres-
sion of FGF3 and FGF10 might not be required for forma-
tion of the sensory patches but might facilitate morphogen-
esis of adjacent nonsensory structures. Both ligands
strongly activate FGFR2(IIIb), a receptor isoform that is
expressed in a pattern complementary to the ligands. Dis-
ruption of either FGF3 or FGFR2(IIIb) leads to malforma-
ions of the semicircular canals and endolymphatic duct. H
Copyright © 2001 by Academic Press. All rightResponse to Otic-Inducing Signals
Competence to respond to otic-inducing signals is ini-
tially broadly distributed throughout head ectoderm but
becomes increasingly restricted to the otic region as devel-
opment proceeds (Yntema, 1933, 1950; Gallagher et al.,
1996; Groves and Bronner-Fraser, 2000). Presumably, reduc-
tion of the domain of otic competence involves differentia-
tion of nonotic cells to form other cell types refractory to
otic inducing signals. At the same time, prospective otic
ectoderm is increasingly biased toward otic fate due to
prolonged exposure to otic inducing signals. At 50% epi-
boly, cells fated to participate in otic development are
located in the ventro-lateral blastoderm near the animal
pole, far from potential sources of otic inducing signals
(Kozlowski et al., 1997). Subsequent morphogenetic move-
ments quickly bring these cells into range of marginal and
axial signals. fgf3 and fgf8 are already expressed in the
ermring by the shield stage and are later induced and
aintained in axial and paraxial tissues in close proximity
o the prospective inner ear. FGF signaling could therefore
rovide continuous reinforcement of otic specification and
ifferentiation from the shield stage to well after the close
f gastrulation.
Induction of pax8 is the earliest known manifestation of
tic differentiation and is soon followed by expression of
lx3 and pax2.1 during early somitogenesis (Krauss et al.,
1991; Ekker et al., 1992; Pfeffer et al., 1998; Heller and
Brandli, 1999). It is unlikely that expression of any single
early marker is sufficient to determine otic cell fate. Chick
embryos also begin to express Pax2 in preplacode cells
during early somitogenesis, yet these cells are often unable
to form otic vesicles when transplanted to an ectopic
location, even though they are able to maintain Pax2
expression (Groves et al., 2000). Whether any of these early
marker genes are required for placode formation remains an
open question. Disruption of Pax2 in mouse or pax2.1 in
zebrafish does not prevent placode formation, but does
perturb subsequent development of the otic vesicle (Torres
et al., 1996; Riley et al., 1999). It is possible that subtle
changes in early development of the placode contribute to
later defects in the otic vesicle. In addition, multiple pax
genes are coexpressed in the otic placode (Pfeffer et al.,
1998; Heller and Brandli, 1999), raising the possibility that
these genes provide multiple levels of redundancy.
Integration of Multiple Signaling Events
Our loss-of-function data complement the gain-of-
function data recently reported for FGF19 and Wnt-8c in the
chick (Ladher et al., 2000). It is likely that all of these
factors interact in a complex network that serves to induce,
maintain, and properly pattern otic tissue. In zebrafish,
chick, and mouse, these factors are initially expressed in
the primitive streak/germring of the gastrula and are sub-
sequently found in head mesenchyme and/or hindbrain
adjacent to the future otic tissue (Wilkinson et al., 1988;ume and Dodd, 1993; Kelly et al., 1995; Bouillet et al.,
s of reproduction in any form reserved.
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363Redundant Roles for fgf3 and fgf8 in Otic Induction1996; Mahmood, 1996; Fu¨rthauer et al., 1997). Thus, this
complex signaling milieu is maintained in periotic tissues
for a protracted period despite the dramatic cell rearrange-
ments that typify gastrulation. Assessing the interactions
between, and relative roles of, each of these otic inducing
factors remains an important task.
Several studies in zebrafish suggest that additional factors
that influence otic development are expressed by the germ-
ring but not the hindbrain. For example, grafts of hindbrain
can induce ventral epiblast near the germring to form
ectopic otic vesicles, but hindbrain tissue is not sufficient
to respecify prospective forebrain tissue to an otic fate. This
does not reflect a lack of competence in the forebrain region
since grafts of germring can induce cells in the prospective
forebrain to form an ectopic hindbrain plus associated otic
vesicles. These data suggest that the germring modifies or
potentiates otic-inducing signals from the hindbrain.
A candidate for a relevant germring-derived factor is RA.
Exogenous RA causes anteriorward expansion of posterior
fates, including the domains of fgf3, fgf8, and wnt8, and also
leads to formation of excess otic tissue (Papalopulu et al.,
1991; Marshall et al., 1993; Simeone et al., 1995; Alexandre
et al., 1996; Bouillet et al., 1996; Fig. 9). The observed
expansion of otic tissue is mediated, in part, by FGF
FIG. 10. Summary and model of otic placode induction. (A–C) Schem
f fgf3, fgf8, and pax8 as viewed from the dorsal surface. For simplicit
recise location of preotic tissue is unknown, as pax8 is not yet ex
roximity to the fgf3 expression domain and the known location of p
he germring, and at lower levels throughout the head region. fgf8 ex
xpression is first detected in the preotic domain, which is in int
esoderm—in light blue, r4, and germring) and fgf8 expression (r4 and
he otic domain of pax8 expression. Nearby regions of fgf3 expressionsignaling since disruption of fgf3 and/or fgf8 blocks the
Copyright © 2001 by Academic Press. All righttimulatory effects of RA (Fig. 9). In contrast to the effects
f exogenous RA, absolute deficiency of RA reduces or
liminates posterior fates and causes corresponding defi-
iencies of otic tissue (Maden et al., 1996; Niederreither et
al., 2000; White et al., 2000). Interestingly, moderate RA
deficiency can lead to formation of small ectopic otic
vesicles in more posterior positions, which may reflect
expansion of r4-specific gene expression into the caudal
hindbrain (White et al., 2000). These results could be
interpreted to mean that RA acts indirectly on otic devel-
opment by inducing or reinforcing FGF and Wnt signaling
centers in the mesoderm and hindbrain. However, it is also
possible that RA acts directly on differentiation of prospec-
tive otic tissue, perhaps by increasing the competence to
respond to otic-inducing signals. Further investigation of
the roles of specific tissues in mediating otic induction, as
well as better characterization of responses to FGF, Wnt,
and RA, will help to resolve these issues.
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